generated by pyramidal cells which was 1.5 Ϯ 0.5 ms.
Introduction old EPSPs initiate spikes in hippocampal interneurons and pyramidal cells. The precision of EPSP-spike couExcitatory postsynaptic potentials (EPSPs) are the basis pling was found to be correlated with EPSP amplificafor transmission of activity between synaptically contion. Pyramidal cell EPSPs were prolonged at subthreshnected neurons. The processes by which an EPSP old potentials by the activation of a Na ϩ current, and causes a postsynaptic neuron to fire are therefore cenaction potentials were initiated either by the EPSP rising tral to the operation of neural networks. The efficacy of phase or, at longer latencies, from a plateau potential.
EPSP-spike coupling depends on a number of factors,
In contrast, inhibitory cell EPSPs showed little voltageincluding the resting and threshold potential of a postdependent amplification, and action potentials invariably synaptic cell and the size and shape of the EPSP. Spike arose from their rising phase. Voltage-clamp experiments initiation may also depend on the activation of intrinsic using EPSP waveforms as command pulses showed conductances in dendritic and somatic membranes as that this difference results from outward currents that well as at the site of action potential generation.
curtail EPSP amplification near threshold in inhibitory Subthreshold EPSPs may activate multiple intrinsic but not in pyramidal cells. ionic conductances. Activation of inward currents tends to amplify EPSPs by increasing their amplitude and proResults longing their decay. EPSP amplification in pyramidal cells of the hippocampus and neocortex (Stuart and Somatic whole-cell recordings were made from 41 CA1 Sakmann, 1995; Andreasen and Lambert, 1999) depyramidal cells and 43 interneurons located in the strapends largely on axosomatically located sodium chantum radiatum of the CA1 area. Interneurons were identinels. EPSPs may also activate dendritic sodium (Lipowfied by their morphological and electrical characterissky et al., 1996) and calcium channels (Gillessen and tics. Interneuron somata were round or fusiform and Alzheimer, 1997). In contrast, the activation of outward principal dendrites were oriented in stellate fashion rather than predominantly perpendicular to the stratum Small EPSPs of amplitude 3-5 mV were initiated by ex-30-300 trials. In most interneurons spikes were initiated with little variability at short latencies corresponding to tracellular stimulation at distances of about 50 m from the soma of the recorded cell. EPSP kinetics, measured the rising phase of the EPSP. In contrast, the latency of action potential discharge in pyramidal cells was rather at Ϫ80 mV to avoid activation of intrinsic conductances, were slower in pyramidal cells than in presumed invariable ( Figures 1C and 1D ). While most spikes were initiated during its rising phase, many action potentials terneurons (Debanne et al., 1995; Geiger et al., 1997). EPSP rise time (10%-90%) in interneurons was 1.7 Ϯ arose at latencies of some 10s of ms from a plateau potential initiated by the EPSP. The mean EPSP-spike 0.7 ms and 3.2 Ϯ 1.3 ms in pyramidal cells The decay of pyramidal cell EPSPs was best fitted by a monoexpodelay was 8.95 Ϯ 13 ms for interneurons (mean Ϯ SD; n ϭ 22) and was 16.3 Ϯ 9 ms for pyramid cells (n ϭ 14). nential function with time constant of 20 Ϯ 3.7 ms. In most interneurons, a double exponential function was Eighteen of 22 interneurons had average spike delays below 6.1 ms (3.76 Ϯ 1.2 ms, n ϭ 18), and we will refer needed to obtain a satisfactory fit: the first, rapid time constant was 8.0 Ϯ 3.6 ms and the slower time constant to this subpopulation as "typical" interneurons. Overall, the variability in spike latency increased with the mean was 42 Ϯ 17 ms. EPSPs in 3 putative interneurons possessed slower kinetics. Plotting EPSP decay time conas shown in Figure 1E , which plots values for both pyramidal cells and interneurons. stant against their rise times revealed a good separation between interneuron and pyramidal cell populations The membrane holding potential from which EPSPs triggered cell firing in about 50% of the trials was Ϫ50 Ϯ (Figures 1A and 1B) .
Our purpose in this study was to compare the coupling 4 mV for pyramidal cells and Ϫ45 Ϯ 6 mV for interneurons. The threshold at which action potentials are initibetween EPSPs and action potentials in interneurons and CA1 pyramidal cells. This was accomplished by ated by EPSPs may be difficult to define. When firing occurs, an EPSP waveform leads to an action potential setting membrane potential to a level where EPSPs of amplitude 3-5 mV, evoked repetitively at 0.5-2 Hz, would via a fast prepotential (Hu et al., 1992) (Figure 2) . In all cells, EPSP of later spikes was strongly reduced (n ϭ 4; Figure 3A , amplitude tended to decrease with depolarization preinset). The actions of phenytoin were then tested on 10 sumably due to a reduced driving force ( Figure 2B ). The pyramidal cell EPSPs that exhibited voltage-dependent decay of pyramidal cell, but not inhibitory cell, EPSPs amplification. In these cells, the increase in EPSP intewas usually slowed with depolarization. EPSP time integrals on depolarization from Ϫ80 to Ϫ50 mV was regrals have been used as an index of voltage-dependent duced by 70% (Figure 3) , largely due to an acceleration amplification (Deisz et al., 1991; Stuart and Sakmann, of EPSP decay at depolarized potentials. This data sug-1995). We found that the area under inhibitory cell EPSPs gests that phenytoin reduced voltage-dependent EPSP increased by 18% when membrane potential was depoamplification by suppressing a persistent Na ϩ current. larized from Ϫ80 to Ϫ50 mV. In contrast, the integral of The stability in peak EPSP amplitude measured at Ϫ80 pyramidal cell EPSPs increased by 115% over the same mV on exposure to phenytoin suggests that transmitter potential range, largely due to a prolongation of their release from presynaptic terminals was not reduced. EPSP waveforms simulated by somatic current injecsimilar to typical pyramidal or inhibitory cell EPSPs (see Experimental Procedures). While no active currents tion were amplified in a similar way to synaptic events. Amplification in pyramidal cells, measured from the intewere elicited at holding potentials of Ϫ80 mV, both inward and outward currents were evoked at more depograls of EPSP waveforms recorded at Ϫ50 mV and at Ϫ80 mV, ranged from 80% to 380% (n ϭ 3). Values of larized potentials. We were especially interested to determine the balance of these currents near firing amplification between 40% and 230% were measured in 7 inhibitory cells. These values are larger than those threshold. The holding potential was therefore adjusted to levels at which the EPSP waveform initiated an esobtained for evoked EPSPs at least in part since there is no reduction in driving force when current waveforms cape action current in about half the trials. This threshold holding potential was close to -51 mV for pyramidal are compared at Ϫ80 to Ϫ50 mV, as there is when synaptic events are examined. Figure 4 shows also that in cells (n ϭ 17) and to -52 mV for interneurons (n ϭ 8), although evidently the potential varied according to the a given cell potential responses to injected synaptic waveforms with faster and slow kinetics were amplified amplitude of the injected EPSP waveform.
Voltage commands corresponding to a fast EPSP initito a similar extent. The mean amplification ratio for fast events divided by that for slow events was close to 1 ated a sequence of inward and outward currents in both interneurons and pyramidal cells ( Figure 5 ). There was in each cell tested and the mean value was 1.07 Ϯ 0.28 (n ϭ 10). Thus, postsynaptic currents underlying EPSP little difference in the peak amplitude of inward currents.
the activation of inward and outward currents ( Figure  6 ). Two waveforms were used, the first corresponding to an interneuron-like EPSP of time to peak 1.3 ms and decay time constant 5.5 ms, while the second was a pyramidal cell-like EPSP of time to peak 6 ms and decay time constant 22 ms. In pyramidal cells (n ϭ 3), the slower command initiated currents with slower kinetics and with a small decrease, from 8.3 to 6.3, in the ratio of the peak inward to outward current. However, slowing the kinetics of the EPSP waveform imposed on inhibitory cells (n ϭ 4) produced a proportionally larger outward current. Thus, slower synaptic events would be unlikely to reduce the temporal precision of EPSP-spike coupling in interneurons.
K Currents Control the Precision of EPSP-Spike Coupling in Interneurons
This data suggests that both rapid synaptic currents and the activation of K currents contribute to the kinetics of threshold EPSPs in inhibitory cells and consequently underlie a high precision in the timing of evoked action potentials. This hypothesis was tested in experiments using evoked EPSPs. We first examined the effects of the potassium channel blockers 4-AP (20-40 M) and TEA (1-2 mM) on the voltage dependence of EPSPs in interneurons (n ϭ 5). In the presence of these antagonists, EPSPs were prolonged in voltage-dependent fashion ( Figure 7A ). EPSP amplification measured from the ratio of integrals at Ϫ50 and Ϫ80 mV was increased from 15% to 88%. These experiments should be interpreted cautiously since in some recordings the peak amplitude of EPSPs at Ϫ80 mV was increased suggesting that the antagonists acted presynaptically to enhance transmitter release. In these cases, stimulus Our experiments on EPSP-spike coupling were carried out in the presence of picrotoxin or bicucculline to supthey were carried by Na ϩ ions. Subtraction of traces before and after TTX application permitted comparison press synaptic inhibition. We also examined how IPSPs control pyramidal cell firing. In the absence of GABA-A of the kinetics of inward and outward currents ( Figure  5Ab ). In both inhibitory and pyramidal cells, the onset receptor antagonists, focal stimulation initiated EPSPs that were succeeded in some trials (20%-75%) by disynof Na ϩ current activation (measured at 10% of the peak current) occurred at about 1.5 ms, corresponding aptic IPSPs with an additional latency of 2-4 ms ( Figure  8A ). When an IPSP was initiated, it prevented the generaclosely to the peak of the simulated EPSP. An additional delay of 2 ms elapsed before the onset of K ϩ currents. tion of a plateau potential and abolished all synaptically initiated firing (Karnup and Stelzer, 1999) . When inhibiThe ratio of peak inward to outward current was 1.7 for interneurons, while in pyramidal cells the inward peak tion was not activated, late firing occurred. These findings suggest that inhibitory circuits are an important was 6.7 times greater than the peak outward current.
Since synaptic currents in the two cell types have site to control late synaptically driven firing in pyramidal cells. This control will operate stochastically and depend distinctly different kinetics, we also examined how changing the kinetics of EPSP-like commands modified on the efficacy with which EPSPs induce inhibitory cell 
firing and consequently elicit disynaptic IPSPs in pyra-

Mechanisms Controlling EPSP Amplification midal cells.
We found that the precision of EPSP-spike coupling We also examined the influence on EPSP-spike cou- (Figure 1 ) was closely correlated with a voltage-depenpling in pyramidal cells of larger EPSPs such as may dent prolongation of EPSP decay (Figure 2 ). This amplioccur during synchronous afferent activities. Pyramidal fication occurred in pyramidal cells but was scarcely cell holding potential was hyperpolarized, and EPSPs evident in interneurons. The effects of the Na ϩ chanof three different amplitudes in the range 2-15 mV were nel antagonist phenytoin and responses to somatic inused to trigger firing. As EPSP amplitude was increased, jection of EPSC-like waveforms suggests that EPSP the probability of late discharges was reduced in a amplification in pyramidal cells depends largely on perigraded fashion ( Figure 8B, n ϭ 6 cells) .
somatic Na ϩ currents (Stuart and Sakmann, 1995; Andreasen and Lambert, 1999). The lack of amplification of interneuron EPSPs did not Discussion result from their rapid time course-somatically injected EPSP waveforms with fast and slow kinetics were ampliWe have shown that the temporal precision of action fied to a similar extent (Figure 4) . Furthermore, voltagepotential generation by EPSPs depends on the balance clamp responses to EPSP-like command pulses indiof inward and outward currents that they activate near cate Na ϩ currents were activated to a similar degree at to threshold. Thus, in hippocampal interneurons, small subthreshold potentials in interneurons and pyramidal EPSPs evoked from just subthreshold potentials initiate cells ( Figure 5) . Interestingly, recent findings show a high action potentials with precise timing and short latencies, Na ϩ current density in dendritic membrane of one group while in pyramidal cells, firing is initiated with longer of hippocampal interneurons whose axons emerge from and more variable delays. The narrow window for spike a principal dendrite at some distance from the soma generation in interneurons seems to result from the acti-(Martina et al., 2000). It seems, however, that differences vation of outward currents that prevent the generation in EPSP amplification result from differences in outward of delayed spikes. In contrast, the balance between curcurrents rather than in the density or distribution of inrents activated by pyramidal cell EPSPs favors inward ward currents ( Figure 5 ). Suppressing outward currents sodium currents that underlie the plateau potentials that lead to long latency action potentials.
revealed an amplification of inhibitory cell EPSPs and ies using both nucleated patch (Martina et al., 1998) and cell attached records (Fricker et al., 1999) suggest that inhibitory cell K currents are larger than those of pyramidal cells. Our data suggest that while these voltagegated K channels control the falling phase of EPSPs on interneurons, they are not activated quickly enough to influence the rising phase ( Figure 5 ). The variability in timing of synaptically induced discharges in pyramidal cells seems at first more puzzling mit them to act as coincidence detectors (Softky, 1995) . It also implies that synaptic inhibition will be quickly (Stuart and Sakmann, 1995) . Neuronal codes that de- 
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